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Abstract 
South Asia, also known as Southern Asia (Pakistan, India, Bangladesh, Bhutan, Nepal, and Sri Lanka) has 
approximately one fifth of the world's population, and it is the most densely populated geographical region in the 
world. Agriculture intensification ( e.g., double- and triple- crops in a year per unit cropland area, irrigation) in 
South Asia plays an important role in food security, water resources, carbon cycle and climate as well as animal 
health and human health. There is a n~ed for mapping and monitoring spatial patterns and temporal dynamics of 
cropping intensity in South Asia. We have recently developed a mapping algorithm that is based on the temporal 
profile analysis (TPA) of vegetation indices (Normalized Differenced Vegetation Index (NDVI), Enhanced 
Vegetation Index (EVI), and Land Surface Water Index (LSWI)) for individual pixels and land cover types. The 
resultant cropping intensity maps were evaluated with agricultural census data from India. The TPA algorithm is 
applied to identify and map cropping intensity ( double- and triple- crops in a year per unit cropland area) in South 
Asia, using the MODIS 8-day Land Surface Reflectance (MOD09Al) data in 2005 as input. The MODIS-based 
phenology algorithm estimates that South Asia a total area of 81.2 million ha of multiple- (including both double-
and triple-) cropping area. The resultant MODIS-derived map of multiple-cropping croplands at 500-m spatial 
resolution in 2005 was compared with the state and district levels using the agricultural census data. The results of 
this study demonstrate the potential of the phenology algorithm in delineating multiple cropped areas. 
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1. Introduction 
Traditional approaches for estimating cropland area and 
cropping intensity in a country are agricultural census 
statistics and land survey (Frolking et al. 2006; Qiu et al. 
2003). These activities are often a time-consuming and 
resources-intensive process carried out by governmental 
agencies. Moreover, these statistics are not readily available 
to the public in the same calendar year. 
· Space-borne remote sensing technology provides an 
alternative and independent approach for mapping cropland 
area and cropping intensity in a country (Galford et al. 2008; 
Wardlow and Egbert 2008; Xiao et al. 2003). Over the last 
few decades satellite remote sensing has been widely used to 
map croplands at local, national and global scales (Dash et al. 
2007; Frolking et al. 1999; Lobell and Asner 2004; Loveland 
et al. 2000; Thenkabail et al. 2005). , 
As part of the NASA Earth Observing System (EOS) 
program, the Moderate Resolution Imaging 
Spectroradiometer (MODIS) onboard the Terra satellite has 
acquired daily images of the globe since February 2000. 
Recently several studies have used MODIS data to map land 
cover at river basins in India, for example, the Ganges and 
Indus river basin (Thenkabail et al. 2005) and the Krishna 
river basin (Biggs et al. 2006). The MODIS data are also 
used to generate global land cover product at I -km spatial 
resolution, including croplands (Friedl et al. 2002) .. All of 
these regional and global land cover data products include 
the area and distribution of croplands, but they provide no 
information on cropping intensity (single-, double and triple 
cropping per unit of arable land). 
The objective of our study is to assess the potential of 
MO DIS images for identifying multiple ( double- and triple-). 
cropping fields. India was selected as the case study area for 
MODIS-based large-scale mapping of cropping intensity 
because it has a large area of multiple cropping fields and 
ground-based survey data are available for the evaluation of 
MODIS-based maps. We have recently reported the resultant 
map of multiple cropping in India in 2005 (Biradar et al. 
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2009). In this paper we apply the same mapping algorithm to 
map multiple cropping in other South Asia countries 
(Pakistan, Bangladesh, Bhutan, Nepal, and Sri Larika). Our 
specific objective is to generate an updated continental-scale 
database of cropping intensity in South Asia; and the 
resultant data product at moderate spatial resolution (500-m) 
could be used for various analyses that address food security, 
water use and management, biogeochernical cycles and 
climate in South Asia. 
2. Data and Methods 
2.1. Description of MO DIS data, 
Moderate Resolution Imaging Spectroradiometer (MODIS) 
is an optical sensor onboard the Terra and Aqua satellites. 
MODIS sc~ the entire Earth's surface every 1 to 2 days, 
acquiring data in 36 spectral bands. Out of the 36 spectral 
bands, 7 bands are designed for the study of vegetation and 
land surfaces: blue (459-479 nm), green (545-565 nm), red 
(620-670 nm), near infrared (NIRl: 841-875 nm, NIR2: 
· 1230--1250 nm), and shortwave infrared (SWIRl: 
1628-1652 nm, SWIR2: 2105-2155 nm). Daily global 
imagery is provided at spatial resolutions of 250-m (red and 
NIR.l) and 500-m (blue, green, NIR2, SWIRl, SWIR2). The 
MODIS Land Science Team provides a suite of standard 
MODIS data products to users, including the 8-day 
composite MODIS Surface Reflectance Product 
(MOD09Al ). There are forty-six 8-day composites in a year, 
starting with Julian date of January 1 each year. The 
MOD09Al data are organized in tile fashion and freely 
available to the public from the US Geological Survey 
EROS Data Center (http://edc.usgs.gov). 
We downloaded the MD009Al datasets in 2005 from the 
USGS EDC website. For each MO DIS 8-day composite the 
following four indices are calculated: (1) Normalized 
Differential Vegetation Index (NDVI; (Tucker 1979)), (2) 
Enhanced Vegetation Index (EVI; (Huete et al. 2002)), 
(3) Land Surface Water Index (LSWI; (Xiao et al. 2005b)) 
and ( 4) Normalized Difference Snow Index (NDSI(Hall et al. 
2002)), using surface reflectance values from the blue, green, 
red, NIRland SWIRl bands (see equations below). 
NDVI = Pnir - Pred 
Pnir + Pred 
EV] = 2.5 X ____ P_ni_r _-_P_re_d ___ _ 
P nir + 6 X P red - 7 .5 X Pb!ue + l 
LSWJ = P nir - P swir 
Pnir + Pswir 
NDSJ = Pgreen - Pnir 
P green + P nir 
All these four indices are used in a number of large-scale 
agricultural studies (Xiao et al. 2006; Xiao et al. 2005a). 
Cloudy observations within a year (forty-six 8-day 
composites) were identified and gap-filled, following the 
procedure described in earlier studies (Xiao et al. 2006; Xiao 
et al. 2005a) 
2.2. Description of agricultural statistical and census data 
Agricultural census data were not readily available for the all 
South Asian countries. However, we have data for India, 
which covers more than 65% of the total land area in south 
Asia. Agricultural census data contain state-, district-, and 
taluka- level statistics on crop sown area, irrigated and 
arable land area, multiple cropping area ( area sown more 
than once), total cropland area, and total sown area. These 
data usually collected from the village-level land records 
called Patwaris (village revenue agency). The data collected 
at this smallest administrative unit is aggregated (up-scaled) 
to the entire country through village, community 
development blocks, taluka, district and state. 
2.3. MODIS-based phenology algorithm - temporal pro.file 
analysis approach 
Seasonal dynamics of three vegetation indices were analyzed 
. for identifying and mapping multiple croplands ( double-and 
triple-croplands). Figure 1 shows seasonal dynamics of three 
vegetation indices in 2004-2005 for a double cropping site in 
India. For the first crop ( crop-1 ), vegetation indices started to 
increase in June, which suggests that crops were planted 
when the rainy season (Kharif) arrived, reached a peak value 
in August, and then declined gradually until harvest took 
place in November. The second crop (crop-2), also called 
Rabi crop, starts to plant in February and is harvested in later 
April in the following year. The bimodal dynamics in 
Figure 1 represents the crop cycle in February- April (Rabi), 
and the crop cycle in June - early December (Kharif). 
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For identifying multiple cropping cycles in an image pixel, growth cycles in a year as double- and triple- cropping 
our temporal profile analysis of vegetation indices involve croplands, respectively. 
identification of lowest and highest EVI value for the first 
cycle (crop-I) and then for the second cycle form the second For regional implementation of the multiple-crop mapping 
highest and lowest EVI values; and then repeat the procedure algorithm, we first generated masks of snow cover, clouds, 
of trough search for the third vegetation growth cycle trough permanent water body and evergreen vegetation types 
dates ofLSWI time series (see Biradar and Xiao et al., 2009 (Figure 2), using the procedures that were described in details 
for more details). in a previous publication (Xiao et al., 2006). Those pixels that 
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Figure 2. The schematic diagram for regional 
implementation of the phenology-based algorithm for 
identifying and mapping multiple cropping croplands, 
using the 8-day MODIS land surface reflectance product 
(MOD09Al ), (from Biradar and Xiao, 2009, URS) 
This computational algorithm is applied to all the individual 
were identified as permanent . water body and evergreen 
vegetation were excluded from analysis of multiple cropping. 
3. Results 
The MODIS-based phenology algorithm estimates 81.3 
million ha of multiple ~ropping area in South Asia for the 
year 2005. Figure 3 shows the spatial distribution of multiple 
cropping areas ( double- and triple- cropping fields) in 2005 
in South Asia at 500-m spatial resolution. The multiple 
cropped fields occur extensively in India, Pakistan and 
Bangladesh and some extent in Sri Lanka, Myanmar, and 
Nepal. Double cropping area in India, Pakistan and 
Bangladesh occur largely in the floodplain and valleys of 
major rivers, for example, the Ganges and Indus _river basins. 
India has the highest double cropped area (54.3 million ha) 
followed by Pakistan (12.5 million ha), Myanmar (6.4 
million ha) and Bangladesh (4.1 million ha) (Table 1). 
Table 1. A summary table of multiple ( double- and triple-) 
cropping in South Asia countries, based on MODIS data and 
agricultural census data in 2005. 
Country 
name 
Bangladesh 
Bhutan 
India· 
Maldives 
Myanmar 
Nepal 
Pakistan 
Sri Lanka 
SouthAsia 
Total 
geographical 
area (xI0 3 
ha) 
14,757.00 
3,839.40 
328,727.00 
29.8 
67,657.80 
14,718.10 
80,394.00 
6,561.00 
516,684.10 
Multiple Total 
cropped cultivated 
area (x103 area (xI0 3 
ha) ha) 
4,135.35 8,429.00 
234.72 149.00 
54,275.69 169,534.00 
0.84 12.00 
6,414.87 10,611.00 
2,073.31 2,475.00 
12,533.18 22,270.00 
1,611.20 1,916.00 
81,279.15 215,396.00 
pixels for delineating number of cropping cycles in a year. The MODIS-based cropping intensity was evaluated with 
We assume that those pixels with two and triple vegetation estimation from the national agricultural census data in India 
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(Biradar and Xiao 2009). The assessment results show an 
acceptable accuracy and performance of the Modis based 
algorithms for mapping cropping intensity. The multiple 
cropping statistics were not available for comparison of the 
MODIS estimates for the all south Asian nations. However, 
we have statistics for India, which contribute65% of the total 
multiple cropland area in South Asia. Table 2 shows the 
state-level comparison of the MODIS derived estimates with 
national agricultural census data. The comparison of the 
multiple-cropping area at the state level between the MODIS 
estimate in 2005 and the agricultural estimates in 2004/2005 
shows a strong correlation ( coefficient of determination 
r2=0.90; N=27). The accuracy assessment of the MODIS 
estimates shows the 81 % agreement in double cropping. The 
detailed descriptions of accuracy assessment provided in the 
previous publication (Biradar and Xiao 2009). 
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Figure 3. The spatial distribution of multiple cropping areas 
(double- and triple- crops in a year)) in the South Asia in 
2005. It is derived from MODIS data in 2005 at 500-m 
spatial resolution. 
4. Discussion and Summary 
Agriculture is one major land use and land cover of the Earth. 
Because of the diverse range of natural environments and 
human needs, agriculture cover estimates makes an 
important contribution to the scientific community, the public, 
and decision-makers. The regular assessment of the 
agricultural intensification and geospatial information on 
crop intensity (number of crops per year), calendar (planting 
date, harvesting date), and irrigation is critically needed to 
better lll1derstand the impacts of agriculture on 
biogeochemical cycles ( e.g., carbon, nitrogen, and trace 
gases), water, and climate dynamics. 
Several earlier studies used complex methods to estimate 
vegetation phenology and forest cover assessment (Friedl et 
al. 2002; Galford et al. 2008; Sakamoto et al. 2006). In this 
study, we used a temporal profile analysis ofMODIS-derive 
vegetation indices (NDVI, EVI and LSWI) to identify 
cropping intensity ( double- and triple- cropping per year) at 
individual pixels over large spatial domains. 
Table 2. State-level comparison of the multiple cropping 
area between the estimates from the national agricultural 
census in 2004-05 and the estimates in 2005 from the 
MODIS-based mapping in India. 
States and 
Union Territories 
Andhra Pradesh 
Arunachal Pradesh 
Assam 
Bihar 
Chhattisgath 
Goa 
Gajarat 
Haiyana 
Himachal Pradesh 
Jammu & 
Kashmir 
Jrunkhand 
Kamataka 
Kerala 
Madhya Pradesh 
Maharashtra 
_Manipur 
Meghalaya 
Mzoram 
Nagaland 
Orissa 
Punjab 
Rajasthan 
Multiple 
croppmg area 
in 2004/2005 
by Agricultural 
Census (x 1 a3 
ha) 
2,191 
91 
1,2()<) 
1,827 
946 
36 
1,570 
2,898 
415 
349 
0 
2,308 
841 
5,228 
1,041 
0 
46 
0 
71 
2,979 
3,583 
4,514 
Multiple 
cropping area in 
2005 by 
MOD IS-based 
mappmg 
(xla3ha) 
2,257 
111 
1,120 
4,595 
277 
9 
1,455 
3,523 
394 
514 
53 
632 
229 
8,145 
2,339 
48 
69 
58 
43 
458 
4,399 
5,249 
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Sikkim 0 5 
TamilNadu 7cn_ 1,804 
Tripura 0 39 
UttarPradesh 16,683 17,631 3) 
Uttaranchal 468 334 
WestBengal 4,149 1,977 
Union Territories 43 75 
Total (India) 54,276 57,841 
This approach takes advantage of MODIS-derived time 
series data ( at 8-day interval) of vegetation indices that vary 
seasonally and are correlated with biophysical and 4) 
biochemical properties of vegetation and the land sutface. 
The spatial pattern of multiple cropped areas derived from 
the MODIS images at 500-m pixel resolution (Figure 3 and 
table 2) generally agrees with that of national agricultural 
census data (Tablel 2; also refer (Biradar and Xiao 2009). 5) 
In summary we report a simple. approach that aims to map 
and monitor multiple cropping areas, using multi-temporal 6) 
MODIS image data at 500-m spatial resolution (Figure 3). In 
this paper we generate geospatial datasets of cropping 
intensity for South Asia in 2005 at 500-m spatial resolution. 
The resultant geospatial dataset of multiple cropping area, 
could be used to address many important questions relevant 
to science and policy of global changes, including hydrology 7) 
(Doll and Siebert 2002), climate, and health (Gilbert et al. 
2007; Gilbert et al. 2008). 
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